This study examined glucocorticoidadrenergic interactions in modulating acquisition and memory storage for inhibitory avoidance training. Systemically (s.c.) administered amphetamine (1 mg/kg), but not epinephrine (0.1 mg/kg) or the peripherally acting amphetamine derivative 4-OH amphetamine (2 mg/kg), given to rats shortly before training facilitated acquisition performance in a continuous multiple-trial inhibitory avoidance (CMIA) It is well established that adrenal hormones are released during training in emotionally motivated tasks (1-3) and influence neurobiological mechanisms underlying regulation of memory storage (4-6). Systemic injections of the adrenomedullary hormone epinephrine produce dose-dependent enhancement of retention performance when given to rats and mice shortly after training in aversive and appetitive learning tasks (7-10).
training, did not block the effect of amphetamine and did not affect acquisition performance of otherwise untreated animals. Retention of CMIA and one-trial inhibitory avoidance was enhanced by either pre-or posttraining injections of amphetamine, as well as 4-OH amphetamine and epinephrine. The finding that injections of amphetamine and epinephrine have comparable effects on memory is consistent with the view that amphetamine may modulate memory storage, at least in part, by inducing the release of epinephrine from the adrenal medulla. Metyrapone pretreatment blocked the memoryenhancing effects of amphetamine, 4-OH amphetamine, and epinephrine but did not affect retention performance of otherwise untreated animals. Posttraining injections of different doses of epinephrine (ranging from 0.0001 to 1.0 mg/kg) produced a dose-dependent memory enhancement for inhibitory avoidance training and metyrapone blocked the memory-enhancing effects of all these doses. These findings provide further evidence that the sympathoadrenal and adrenocortical systems are intimately coupled during processes of memory storage.
It is well established that adrenal hormones are released during training in emotionally motivated tasks (1) (2) (3) and influence neurobiological mechanisms underlying regulation of memory storage (4) (5) (6) . Systemic injections of the adrenomedullary hormone epinephrine produce dose-dependent enhancement of retention performance when given to rats and mice shortly after training in aversive and appetitive learning tasks (7) (8) (9) (10) .
Earlier evidence suggesting that peripheral catecholamines modulate memory storage came from experiments examining the effects of systemic injections of amphetamine. In rats and mice, amphetamine produces dose-and time-dependent enhancement of memory storage (11) (12) (13) (14) (15) (16) (17) . The effects of posttraining injections of amphetamine on memory are attenuated by surgical removal of the adrenal medulla (13) , the primary source of circulating epinephrine (18) . This finding suggests that the effects of amphetamine on memory storage are due, at least in part, to an influence on the release of catecholamines from peripheral storage sites (19) . This view is supported by evidence that 4-OH amphetamine, a derivative of amphetamine with a limited capacity to enter the brain (20) ,
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Training in aversively motivated learning tasks is also known to stimulate the adrenocortical system, resulting in increased plasma levels of corticosterone (3, 21) . There is extensive evidence that glucocorticoids modulate memory consolidation (22) (23) (24) (25) (26) . Furthermore, findings of experiments using adrenalectomized (ADX) rats indicate that the level of circulating corticosterone is a major factor in determining the sensitivity of epinephrine in modulating memory storage (27, 28) , suggesting an interaction between sympathoadrenal and adrenocortical systems in the modulation of memory storage for emotionally influenced tasks.
The present experiments examined glucocorticoidadrenergic interactions in the regulation of memory storage in adrenally intact rats. The enhancing effects of systemic injections of amphetamine, 4-OH amphetamine, and epinephrine on memory for inhibitory avoidance training were examined in rats pretreated with a vehicle solution or metyrapone, a drug that inhibits 1 1 3-hydroxylase, a rate-limiting enzyme in corticosterone synthesis (29, 30 second experiment was conducted to exclude the possibility that the effects found on retention performance were due to sensory or motivational influences on acquisition. In this second experiment, rats were pretreated with metyrapone and received injections of the adrenergic agents immediately after training. In a third and last experiment, rats pretreated with metyrapone were injected with different doses of epinephrine immediately after training in the inhibitory avoidance apparatus to investigate whether metyrapone may alter the sensitivity of epinephrine in enhancing memory storage.
A continuous multiple-trial inhibitory avoidance (CMIA) training procedure was used in the first experiment. On the training day, each animal received a s.c. injection of either vehicle or metyrapone (50 mg/kg) 90 min before training. Additional injections of either saline, amphetamine (1.0 mg/ kg), or 4-OH amphetamine (2.0 mg/kg) were given 30 min before training, or epinephrine (0.1 mg/kg) was administered 5 min before training. The rat was then placed in the starting compartment of the apparatus facing away from the door. As the rat stepped into the dark compartment, a low-intensity footshock (0.25 mA) was delivered until the rat escaped back into the starting compartment. The door remained open throughout the entire training period, and whenever the rat reentered the dark compartment, shock was again delivered and was terminated when the rat escaped to the starting compartment. The rat was retained in the apparatus until it remained in the starting compartment continuously for 200 s. The animal was then returned to its home cage. The total number of trials (i.e., entries into the shock compartment) required to reach the acquisition criterion of 200 consecutive seconds in the starting compartment was recorded. On the retention test 48 h after training, the rat was placed in the starting compartment, as in the training session, and the latency to step into the dark compartment (maximum, 600 s) was recorded. Shock was not administered on the retention test trial.
In the second experiment conducted in the same inhibitory avoidance (IA) apparatus, the animals received only one training trial. Each animal received a s.c. injection of either vehicle or metyrapone (50 mg/kg) 90 min before training. The rat was placed in the starting compartment of the apparatus facing away from the door, and the rat was allowed to enter the dark. When the rat stepped completely into the dark compartment, the door was closed and a mild inescapable footshock (0.45 mA, 1.0 s) was delivered. The rat was removed from the dark alley 15 s after termination of the footshock and immediately given a s.c. injection of saline, amphetamine (1.0 mg/kg), 4-OH amphetamine (2.0 mg/kg), or epinephrine (0.1 mg/kg). Retention was tested 48 h after training using the same testing procedures as in experiment 1.
The behavioral procedures used for the third experiment were similar to those of the second one, except that different doses of epinephrine were injected immediately after training.
Rats received s.c. injections of either vehicle or metyrapone (50 mg/kg) 90 min prior to the start of the one-trial inhibitory avoidance training and immediately after training s.c. injections of saline or either of the five doses of epinephrine (ranging from 0.0001 to 1.0 mg/kg). Retention was tested 48 h after training, with the same testing procedures used in experiments 1 and 2.
Drug Administration. The 11f3-hydroxylase inhibitor metyrapone (2-methyl-1,2-di-3-pyridyl-1-propanone; Sigma) was injected s.c. at 50 mg/kg in a vol of 2.0 ml/kg on the dorsal surface of the neck 90 min before training in all tasks. The drug was dissolved in polyethylene glycol and diluted with a 0.9% saline (NaCl) solution to reach the appropriate concentration. The final concentration of polyethylene glycol was 40%. The vehicle control contained the same polyethylene glycol concentration. This dose was selected on the basis of findings of a previous experiment (B.R., B. Bohus, and J.L.M., unpublished observation).
As described above, the memory-enhancing drugs that were used included (+)-amphetamine (1.0 mg/kg; Sigma), (±)-4-hydroxyamphetamine (2.0 mg/kg; 4-OH amphetamine; SmithKline Beecham), and epinephrine (0.1 mg/kg; Elkins-Sinn, Cherry Hill, NJ). In the last experiment, five different doses of epinephrine (0.0001, 0.001, 0.01, 0.1, and 1.0 mg/kg) were used. The doses used were selected on the basis of previous experiments in this laboratory (9, 17) . All Proc. Natl. Acad. Sci. USA 93 (1996) mg/kg) significantly facilitated acquisition (P < 0.01 compared with saline-treated controls). In contrast, pretraining injections of either 4-OH amphetamine (2.0 mg/kg) or epinephrine (0.1 mg/kg) did not affect acquisition performance. Metyrapone did not block the amphetamine-induced facilitation of acquisition. Furthermore, the acquisition performance of the metyrapone/saline group did not differ from that of the vehicle/saline controls (P > 0.95). The effects of metyrapone on amphetamine-, 4-OH amphetamine-, and epinephrine-induced enhancement of retention are shown in Fig. 1B . A one-way ANOVA revealed a significant overall effect (F(7,82) = 7.20; P < 0.0001). Betweengroup comparisons indicated that all three adrenergic treatments produced significant improvements in retention performance relative to saline-treated controls [amphetamine and epinephrine (both P < 0.01), and 4-OH amphetamine (P < 0.05)].
Metyrapone significantly attenuated the retention enhancement produced by pretraining administration of amphetamine, 4-OH amphetamine, and epinephrine. The retention latencies of all these groups were significantly shorter after metyrapone treatment than after vehicle injections (all P < 0.01). The retention latencies of the animals in the three metyrapone adrenergic groups did not differ from those of the metyrapone/saline control group. Furthermore, the retention performance of the metyrapone/saline group did not differ from that of the vehicle/saline group (P > 0.20).
IA. The IA retention test latencies are shown in Fig. 2 . A one-way ANOVA of data revealed a significant treatment effect (F(7,102) = 7.18; P < 0.0001). Between-group comparisons with the Fisher tests indicate that retention latencies were significantly enhanced by posttraining injections of amphetamine, 4-OH amphetamine, and epinephrine (all P < 0.01) in comparison with saline-treated rats. Metyrapone blocked the memory-enhancing effects of amphetamine, 4-OH amphetamine, and epinephrine (all P < 0.01). Furthermore, retention latencies in the metyrapone/saline group did not differ from those in the vehicle/saline control group (P > 0.75).
The retention test latencies of rats injected with different doses of epinephrine immediately after training on a one-trial inhibitory avoidance task are shown in Fig. 3 . A one-way ANOVA of data revealed a significant treatment effect (F(ll,l36) = 3.76; P < 0.0001). Post-hoc analysis revealed that epinephrine showed a dose-dependent effect on memory: The 600-500- 0.1 mg/kg dose of epinephrine significantly enhanced retention compared to saline-injected rats (P < 0.01). Other doses were not statistically significant (the P values of the 0.01 and 1.0 mg/kg doses of epinephrine were both 0.06). Metyrapone blocked the memory-enhancing effect of epinephrine. The retention latencies of metyrapone-treated animals with different doses of epinephrine did not differ from those of the metyrapone/saline group or from each other. Furthermore, the retention latencies of metyrapone-treated rats injected with the three higher doses of epinephrine were significantly shorter than those of the corresponding vehicle/epinephrine groups (0.01 and 0.1 mg/kg; P < 0.01; 1.0 mg/kg; P < 0.05). Retention latencies of the metyrapone/saline group did not differ from those of the vehicle/saline control group (P > 0.50).
DISCUSSION
These experiments examined whether metyrapone influenced the enhancing effects of systemic injections of epinephrine, amphetamine, and its peripherally acting derivative 4-OH amphetamine on acquisition and retention in inhibitory avoidance tasks. Amphetamine, but not 4-OH amphetamine and epinephrine, given to rats before training facilitated acquisition performance in a CMIA task. Metyrapone did not block the effect of amphetamine on acquisition. On the other hand, injections of amphetamine, as well as 4-OH amphetamine and epinephrine, enhanced retention in the CMIA and IA tasks. Metyrapone pretreatment blocked the memory-enhancing effects of all these treatments. Acquisition and retention performance of rats were not affected by metyrapone administration alone.
The findings that only rats that received injections of amphetamine, but not 4-OH amphetamine and epinephrine, required fewer trials in a CMIA task to reach acquisition criterion suggest that the enhancing effect of amphetamine on acquisition is independent of its function in stimulating the release of epinephrine from the adrenal medulla. These results are consistent with the finding that a depletion of peripheral epinephrine by adrenomedullectomy also fails to affect acquisition performance in an IA task (13, 33) . Systemically administered amphetamine readily enters the brain and may modulate acquisition performance by a direct activation of central dopaminergic (12, 34) or noradrenergic systems (12, 35) . Doses of amphetamine comparable to those found to facilitate acquisition performance have been reported also to increase locomotor activity (36) (37) (38) (39) , which may confound acquisition performance in an IA task. An increase in locomotor activity can, of course, easily be interpreted as a poorer acquisition. The present findings, however, indicated that amphetamine facilitated acquisition of inhibitory avoidance. This clearly indicates that the effects of amphetamine on acquisition performance were not due to an influence on locomotor activity. The view that the amphetamine-induced acquisition and locomotor effects are independent is also supported by the finding that the locomotor response to amphetamine is attenuated following adrenalectomy and can be restored with glucocorticoid administration (36, 37) , whereas our findings indicate that the amphetamine effect on acquisition is unaltered following adrenocortical suppression by metyrapone. Similarly, it has been reported that enhanced arousal states and attention to amphetamine, which may directly influence acquisition performance, were not related to amphetamine-induced changes in locomotor activity (40) . These findings suggest that the amphetamine-induced facilitation of acquisition performance found may be due to enhanced arousal states or attention, possibly enhancing shortterm memory processing.
Retention was enhanced by amphetamine, 4-OH amphetamine, and epinephrine administered to rats either shortly before or immediately after training. The finding that these retention effects were obtained with both pretraining and posttraining injections indicates that the enhanced retention is due to modulation of memory storage and not to influences on sensory or motivational processes during the training experience (41) . This view is further supported by the absence of any consistent effects of the adrenergic drug injections on acquisition performance in the CMIA task. Our findings are also consistent with previous evidence that amphetamine-and 4-OH amphetamine-induced enhancement of memory storage depends on the integrity of the adrenal medulla (13, 14) . The memory-enhancing effect of epinephrine is mediated via an activation of central noradrenergic mechanisms (9, 17) . This view is supported by the finding that peripheral injections of amphetamine, 4-OH amphetamine, and epinephrine reduce levels of norepinephrine in the hippocampus and amygdala (14) . However, since epinephrine is a rather polar substance, it seems unlikely that peripherally released or injected epinephrine reaches the central nervous system in an amount sufficient to exert a direct influence on brain systems involved in memory (42) . The 4-OH amphetamine effects on memory are initiated by the release of peripheral epinephrine. Epinephrine may activate adrenergic receptors in the periphery that, in turn, stimulate noradrenergic systems in the brain via visceral, probably vagal, afferents (43, 44) . This hypothesis is supported by the findings that sotalol, a peripherally acting ,B-noradrenergic antagonist, blocks the memory-enhancing effects of peripheral injections of epinephrine (17, 45) .
Pretreatment with metyrapone, a corticosterone-synthesis inhibitor, blocked the memory enhancement induced by epinephrine, amphetamine, and 4-OH amphetamine. Moreover, metyrapone treatment blocked the enhancing effects of epinephrine in a wide range of doses. These findings suggest that a stress-induced increase in corticosterone is essential for producing memory-enhancing effects and the effect is not due to corticosterone-induced changes in the sensitivity of epinephrine. Corticosterone Our findings conflict to some degree with those of previous studies. Borrell et al. (27, 28) reported that although epinephrine interacts with glucocorticoids in modulation of memory storage, the epinephrine effect on memory could be seen in the absence of circulating corticosterone. They reported that epinephrine administered to ADX rats attenuated the ADXinduced impairment of retention of IA training. They also reported that adrenomedullectomy or concurrent administration of corticosterone to ADX rats decreased the effectiveness of epinephrine in modulating memory storage. Because dexamethasone, a potent GR agonist, did not change the sensitivity of epinephrine in attenuating the ADX-induced memory deficit, these findings suggest that corticosterone suppresses the effectiveness of epinephrine in the modulation of memory storage in ADX rats, and the interaction is mediated primarily via MRs, and not GRs.
The differences between the latter and present studies may be attributed to the ADX treatment used in the Borrell studies, a treatment depleting both MRs and GRs, while metyrapone probably affected only binding to GRs. Accordingly, there are obvious differences in these experiments in the occupancy or balance of MRs and GRs. Another difference, but related to the first one, is that in the present study the effects of epinephrine were examined in the enhancement of memory, whereas in the studies by Borrell and colleagues the effects of epinephrine were investigated in the attenuation of an ADXinduced memory deficit. An alternative explanation for the differences observed is that metyrapone may induce the release of deoxycorticosterone (30) , which, in turn, can be converted in tetrahydroxydeoxycorticosterone or other neurosteroids. These neurosteroids may block the memoryenhancing effects of epinephrine and amphetamine.
The mechanisms modulating the glucocorticoid-adrenergic interaction on memory in our study and the other studies described above need further inquiry. One interpretation of the present results is that corticosterone may exert a tonic inhibitory influence on the synthesis and release of epinephrine from the adrenal medulla (49) . However, this possibility is very unlikely because pretreatment with the dosage of metyrapone used in the present study does not increase plasma levels of epinephrine (S. F. de Boer, personal communication), and metyrapone does not facilitate memory when administered alone. Another, more likely mechanism is a direct interaction of the glucocorticoid and adrenergic systems in limbic areas involved in memory processes. High densities of MRs and GRs are present in the neurons of the hippocampus and amygdala (50) (51) (52) . In light of the presumed role of epinephrine in activation of central noradrenergic mechanisms, it is of particular interest that corticosterone also has a profound influence on noradrenergic neurotransmission in the brain (53) (54) (55) . The finding that the activity of the central noradrenergic system is susceptible to stimulation by peripheral epinephrine as well as by glucocorticoids opens the possibility that glucocorticoid-adrenergic interactions on memory storage modulation may be localized, at least in part, at the locus of the central noradrenergic system. Corticosterone might also influence the activity of other neurotransmitter systems in the hippocampus and amygdala, such as the GABAergic, serotonergic, and peptidergic systems (54) , which, in turn, interact with the noradrenergic system in regulating memory storage (56) .
In conclusion, the findings of this study indicate that suppression of the release of corticosterone blocks the effects of amphetamine and epinephrine in the modulation of memory formation. These findings provided further evidence that the sympathoadrenal and adrenocortical systems are intimately coupled during processes of memory storage.
